Carbon is the most important element going in the steels composition since it largely contributes to their mechanical performance. During the heat treatment of steels, a part of atoms of carbon could be removed from the superficial zone of the steel, which is the result of the atmospheric oxygen attraction by forming gaseous carbon monoxide. This phenomenon, called decarburizing, can change microstructure in a large extent and, as a result, mechanical properties of the steel. This could lead to unsuitable properties for the service life of mechanical parts. In order to prevent such part from breaking in service, it is necessary to know the affected zone by the decarburizing process.
INTRODUCTION
During manufacturing of mechanical parts, a phenomenon of decarburization can occur during the heat treatment of the material. This phenomenon results in the diffusion of carbon at high temperature throughout the surface of the material due to reaction with oxygen atmosphere, which produced carbon monoxide. This loss of carbon leads to superficial microstructure modifications, which involves deterioration of the mechanical properties. Unfortunately, the literature shows that decarburization of steel is a phenomenon slightly studied during these last decades. However, some works devoted to the study of decarburization effects on microstructure of steel [1] [2] [3] , on the resistance of corrosion [4] and on the fatigue behaviour [5, 6] could be found. By analysing this literature, it appears necessary to have suitable means of decarburization control, as much more than such phenomenon have detrimental effect from a mechanical behaviour point of view. This is the reason why decarburization control is, until today, generally carried out in two complementary directions.
The first one consists of an optical observation of the microstructure on a cross section of the sample, which has undergone a treatment at elevated temperature. When no decarburizing occurs, the microstructure is that expected by the treatment. Depending on the cooling rate, microstructure can exhibit a ferrite / pearlite structure for slow cooling rate or martensite, bainite and retained austenite for the fastest ones in the majority of the cases. Due to decarburizing process in the austenitic phase, number of atoms of carbon decrease close to the surface. As a consequence, distribution of phases and/or change of atoms content in the phases tend to be modified after cooling. For the martensite, loss of atoms of carbon involves diminution of the lattice parameters ratio, which is linked to the carbon content [7, 8] . This modification tends to transform martensite tetragonal into body centred ferrite. Whatever the cooling rate, a white zone corresponding to a great amount of ferrite or a carbon martensite slightly charged is spread out over a few microns of depth. The problem of the optical control is the determination of the limit between the decarburized zone and the core one, which is the most convenient information for the decarburizing characterisation. This is so difficult than measurement depends on the operator. That is why another method is also used to reinforce the first control. The second method consists to study micro-hardness variation induced by modification of distribution of phases and on the carbon content of some phases. Micro-hardness profile is then realized through a cross section. The limit between the two above-mentioned zones is then defined when hardness becomes constant and equal to the hardness value of the healthy material. These two methods are obviously destructive. In order to avoid such detrimental method, we test here an alternative method based on eddy current, which appears to be a non-destructive testing.
Restivo in 1996 [9] has specified the theory relating to the eddy current whereas Yusa [10] applies the theory to detect surface defect. From this point of view, this technique has been applied to control crack initiation and growth during fatigue test [11] . Being used to analyse defects, Uchimoto [12] has tested eddy current to study modifications of microstructure and, in particular, graphite morphology associated to the mechanical properties of grey and ductile cast iron made. For case-carburised steel, Stevens [13] confirm that this method can also be used to determine the microstructure state. In addition, Moorthly [14] and Zergoug [15] proposed to connect the mechanical micro-hardness modifications induced by carburizing to eddy current variations. This last result encourages us to apply eddy current methodology to the study of decarburized steel.
In order to study different situations of decarburizing, samples are heat treated at 920°C during different durations. In the first part of the paper, we show that optical control and micro-hardness profile of the decarburization zone may be supported by the theory of carbon diffusion in steel. In a second part, eddy current analysis is successfully applied to qualify the decarburization if all harmonics amplitudes deduced from Fast Fourier Transformation (FFT) are used. By comparing optical and micro-hardness measurements of depths, we show that the eddy current may be suitable to the control of decarburized parts.
EDDY CURRENT THEORY.
Fluctuating electromagnetic fields are created within a test object by passing an alternative current through a nearby primary (driving) coil. These fluctuating electromagnetic fields induce eddy currents in the sample. The eddy currents create a secondary electromagnetic field, which perturbs that of the primary coil. This can be detected either as a change in the impedance of the primary coil (the basis of single coil methods) or by monitoring the response induced in a nearby secondary coil (the two coil method). At low and medium excitation frequencies the eddy current magnitude is a function of the sample's electrical conductivity, magnetic permeability, the test frequency and the distance between the coils and the sample. When a sample is located in the magnetic field, modifications of the eddy current lines are observed. These modifications lead to a variation of the real part of the impedance. Thus, for a sinusoidal alternative current passing through a bobbin coil of N turn spirally wound, the impedance is defined by the Ohm's law :
where V ρ and i ρ are the complex vectors of Fresnel respectively associated to the tension and the intensity.
In addition, V ρ and i ρ are linked to the complex reluctance (R) of the magnetic circuit and to the magnetic flux (Φ) by the following relationships:
and
where ω is the current pulsation. From relation (1), these two relations allow determining the complex impedance, which may be written:
The inductive tensor is characterized by two physical quantities:
• The resistive component (R), associated to the loss of eddy current, • The inductive term (X), which represents the reactance of the bobbin and thus, the topology of the magnetic field lines. The impedance change of the probe can be represented by the variation of the impedance response in function of the time. Fast Fourier Transform (FFT) decomposes a time-domain signal, which can be a function of time, spatial coordinates or any time series abscissa, into frequency spectrum expressed with complex exponentials (sinus and cosinus). Here, it is applied to a signal of frequency F 0 studied with 256 points per period. For these conditions, the FFT allows to decompose the signal and to obtain the values of amplitudes and phases of harmonics 3, 5 and 7. The main interest of studying the harmonics instead of the main signal is that they do not represent a surface characterisation. Moreover, they are less sensitive to temperature variations and signal deviations due to the position of the sample within the inductor and/or to its geometry.
MATERIALS AND EXPERIMENTAL METHODS.
The present investigation was conducted with specimens of 54SiCrV6 (SAE 92V45) steel for which chemical composition is given in Table 1 . Specimens of 20 mm in diameter and 100 mm in length were cut from bars which metallurgical state is ferrito-pearlitic. In order to obtain different situations of decarburizing, all the samples were maintained at a temperature of 920°C during eight different times ranging regularly from 15 to 120 minutes. This temperature was chosen in order to obtain complete dissolution of the carbides in austenite. The samples are then oil-quenched in order to induce martensitic transformation. Samples were referenced from A to H according to the austenitisation time.
The micro-hardness profile is obtained with a Knoop indenter using a Leco micro-hardness tester. For each situation of austenitizing durations, five indentations are performed under 1 N of loading on a cross section perpendicular to the decarburizing surface in order to give a representative mean hardness value. The first hardness measurement is carrying out at 20 µm of the outside surface and all the 20 µm until 700 µm toward the core of the material.
The eddy current equipment used was the Alphatest OMEGA 2000. The synoptic of a typical measurement is presented Figure 1 . The generator provides a sinusoidal current, which frequency F can be set from 0,5 Hz to 3 KHz and intensity I from 0,1 to 10 Amp. The output tension was recorded for various couples I i and F i and submitted to Fast Fourier Transformation. This transformation providing the phase and the frequency spectrum, it's possible to describe the fundamental and as well as its harmonics. Here the study was limited to the harmonics 3, 5 and 7 associated to each sample. The data are then computed by using a second-degree polynomial fitting for each parameter (amplitude and phase) in relation to the austenitizing time.
4
RESULTS AND DISCUSSION.
Optical observations.
After austenitizing and oil quenching, the samples were sectioned and polished with paper grade from 6 to 1 µm diamond and then etched in Nital 4%. Figure 2 shows an example of a decarburized sample typical appearance. Three zones of different colour can be noticed on Figure 2 . Close to the surface, the colour is mainly white and corresponds to a structure entirely made up of ferrite or very low carbon martensite. Towards the core, the colour is darker but show some white spots. These correspond to lower carbon martensite associated to spots of ferrite, located where the diffusion of carbon was easier (grain boundaries for example). In the core, the colour is homogeneous and associated to a martensite including initial carbon content of steel. The decarburizing depth is associated to the change of colour between zone two and three. Since the change is very gradual, it is difficult to localize precisely the boundary between the affected surface and the core of the material. Table 2 gives an estimation of the total decarburizing depths for all samples. The decarburizing depths were carried out with the standard defined in [16] . As it was expected, the decarburizing depth increases with the austenitizing time. Since it is governed by the carbon diffusion in austenite, the decarburizing process should satisfy the diffusion equations of Fick. We will examine how the relation depth-time can be explained by the carbon diffusion theory. Applied to the problem of carbon diffusion from the surface to the material core, the solution of second Fick's law takes the following form:
where C(x,t) represents the carbon content at a depth x from the surface of the sample, C S is the carbon concentration at the surface, C 0 the initial carbon concentration of the steel. D is the diffusion coefficient of carbon in austenite, which is given by:
Here, D 0 represents the diffusivity coefficient. Q A is the activation energy for the diffusion of carbon in austenite. R is the perfect gas constant equal to 8.314 J.mol -1 .K -1 . Different values for the diffusivity coefficient can be found in literature: for example 0.1 for Roy [17] or 0.234 cm 2 s -1 for Gamsjager [18] . In their studies, Lan [19] and Kumar [20] Table 1 ). By considering these values, it is possible to calculate a diffusion coefficient equal to D = 7.6 10 -8 cm 2 s -1 at 920°C. Futhermore, the depth of decarburizing (Table 2) , as it is optically measured, should correspond to a concentration C(x,t) = C opt closed to the initial value of the carbon content of the material independently of the austenitizing duration. In these conditions, the second term of relation (5) should be a constant and is written as an erf(y) function: This means that it exists a value k, which satisfies the following relation:
Representing the decarburizing depth as a function of the square root of the austenitizing time, we find a straight line according to relation (8) It is noticed on the figure that the straight line does not intercept the axes at the origin point (0,0). This seems to indicate that the samples need a substantial time to reach the diffusion temperature of 920°C. Figure 4 , related to the sample A heat treated during 15 mn, shows that no decarburizing is observable and corroborates its assumption. If it is assumed in relation (5) that C s is equal to 0 then C(x,t) should be equal to :
In this condition, erf(k) should be equal to 1 at the boundary of the decarburizing zone. From equation (8) , it is possible to calculate k from the slope s of the straight line in Fig. 3 . Calculation of s gives 5.65.10 -4 cm.s -1/2 and then k is equal to 1. Consequently, erf(k)=0.84 (i.e. 84% of the initial carbon content C 0 of the steel according to relation (9) ). This means that optical measurements lead to underestimated decarburized depth values.
Micro-hardness Measurements.
Relation between micro-hardness and microstructure of material is well known [22, 23] . In addition to the relation between the hardness and the nature of the phases, micro-hardness strongly depends on the carbon content of the phase, especially for the martensite. Consequently, hardness values of decarburized steel can be varied in a great extent. Figure 5 shows two profiles of micro-hardness obtained for the samples austenitized during 15 minutes (A) and 120 minutes (H), which correspond to the two time limits. For all the studied specimens, we have observed that micro-hardness variations are located between the two curves presented on Figure 5 . It is seen that the curves can be divided into two zones. The first one at the left corresponds to the decarburized zone where the hardness values vary, this zone being close to the surface. The second zone at the right of the figure corresponds to the core of the material where hardness values are almost the same. As an example, it can be seen on Figure 5 that decarburizing depth is estimated to 100 µm for sample A and 550 µm for sample H. Table 3 collects the decarburizing depths obtained for each treatment situation. Table 3 are presented on Figure 6 as a function of the square root of the austenitizing time. Data from optical observations are also represented to allow a comparison. Like the optical observations, the line associated to hardness measurements does not intersect the axes at the origin but at a point corresponding to an austenitizing time near 5 mn. This seems to indicate that an incubation time is necessary for decarburizing initiation. This incubation time can be a consequence of a delay necessary for the carbides dissolution. Such incubation is similar to the incubation time necessary for the onset of a nitride combination layer during nitriding [24] . Concerning the slope s of the line, it is found equal to 7.9310 -4 cm.s -1/2, associated to a constant k near 1.44 corresponding to erf(1.44)=0.96 (i.e. 96% of the initial carbon content). In conclusion, micro-hardness measurements are more accurate than optical measurements for the determination of the decarburizing depth. Even if they are able to give precise estimations of decarburised depth, the hardness measurements are destructive which is a disadvantage for mechanical parts control. In the following, we will present a method that could be used for non destructive characterization of decarburizing.
Nevertheless, like these two measurements are destructives, we proposed in the second part to examine how the eddy current technique could be used to characterize the decarburizing. For the eddy current study, only the decarburizing depth deduced from micro-hardness measurements are taken into account due to the results accuracy.
EDDY CURRENT STUDY
Applying to all samples the methodology described in the experimental methods and measurements section of the paper, we have obtained a complete description of the output tension signal (fundamental and harmonics). The harmonics 3, 5 and 7 which be used in the following to characterize the decarburizing are presented in Table 4 . The imaginary parts of the harmonic, which corresponds to the signal phase, are often used to verify the pertinence of the experimental data. Figure 7 , which represents the relation between the imaginary parts of the harmonics and the austenitizing time, shows that the values associated to sample C are not in accordance with the results obtained for the others samples. They will not be considered in the rest of the paper. As it can be noticed on Figure 8 , the amplitude of the signal increases with the austenitizing time and consequently with the extent of decarburizing. Replacing the austenitizing time by the corresponding decarburizing depth collected in Table 3 , we obtain the Figure 9 presenting this relation between the real parts of the harmonics and the decarburizing depth. Figure 9 shows that significant variations of the harmonics of the eddy current signal can be related to the extent of the decarburizing. For the present study only one of the harmonics, harmonic 3 for example, could be used to represent the decarburizing. We will show in the following that the three harmonics are well related. A very simple exponential relation can be used to represent their evolution in function of the depth :
[ ]
where R i is the real part of the harmonic (i) and x the depth of decarburizing. Sign (-) is used for harmonics 3 and 7 and sign (+) for harmonic 5. A i and B i are coefficients depending on the harmonic order. As shown Figure 10 , they are in accordance together.
Since coefficients A i and B i are determined independently, it confirms that the variation is clearly related to the decarburizing phenomenon, which was determinate by hardness method. But, it is necessary to define precisely the parameters, which characterize the phenomenon in a better way.
Moreover, in order to do more investigations in the future, it is interesting to know the surface properties of the samples. So, we try to correlate the first hardness measured at 20 µm near the surface with the real part of the eddy current harmonical response. In Figure 11 , we plot in a bi-logarithmic coordinate the surface microhardness and the real part of the harmonics 3, 5 and 7. 
CONCLUSIONS
It was shown that the eddy current technique is sensitive to carbon composition, and related to micro-structural state, of the material after heat-treating and quenching. This result is very promising for the future application of the technique for a non-destructive evaluation of the decarburizing phenomenon or carbon surface treatment like carburizing. A first step is to precise how the necessary calibration will be performed between the signal and the decarburizing depth for different conditions of heat treatment and materials. Some work has still to be done, though, to define the methodology to be applied for extensive decarburizing. For low decarburizing, since the carbon content at the material surface can be derived from a simple error function applied to the actual measured depth, only one parameter can be used to describe the decarburization. A second step for the future work will be to define the methodology to consider the change of the relation between the surface carbon content and decarburizing depth and to define the influence of the steel composition, which must be consider in the measurement calibration.
